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Abstract
Bovine tuberculosis (BTB) is a chronic, highly infectious disease that affects humans, cattle and numerous species of wildlife.
In developing countries such as South Africa, the existence of extensive wildlife-human-livestock interfaces poses a
significant risk of Mycobacterium bovis transmission between these groups, and has far-reaching ecological, economic and
public health impacts. The African buffalo (Syncerus caffer), acts as a maintenance host for Mycobacterium bovis, and
maintains and transmits the disease within the buffalo and to other species. In this study we aimed to investigate genetic
susceptibility of buffalo for Mycobacterium bovis infection. Samples from 868 African buffalo of the Cape buffalo subspecies
were used in this study. SNPs (n = 69), with predicted functional consequences in genes related to the immune system, were
genotyped in this buffalo population by competitive allele-specific SNP genotyping. Case-control association testing and
statistical analyses identified three SNPs associated with BTB status in buffalo. These SNPs, SNP41, SNP137 and SNP144, are
located in the SLC7A13, DMBT1 and IL1a genes, respectively. SNP137 remained significantly associated after permutation
testing. The three genetic polymorphisms identified are located in promising candidate genes for further exploration into
genetic susceptibility to BTB in buffalo and other bovids, such as the domestic cow. These polymorphisms/genes may also
hold potential for marker-assisted breeding programmes, with the aim of breeding more BTB-resistant animals and herds
within both the national parks and the private sector.
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Introduction
Bovine tuberculosis (BTB) is a chronic, highly infectious disease
which affects humans, cattle and wildlife. BTB is caused by
infection with Mycobacterium bovis, which is a member of the
Mycobacterium tuberculosis complex. In developing countries such as
South Africa, the existence of extensive wildlife-human-livestock
interfaces poses a significant risk of transmission between these
groups, and has far-reaching ecological, economic and public
health impacts [1–3]. In addition to the impact on biodiversity and
ecotourism, rural communities at these wildlife interfaces can also
be severely affected, with bovine TB compromising their health,
food supply and livelihoods. Many people are reliant on
unpasteurised milk and meat from their livestock for food supply
and high levels of HIV prevalence within these communities
dramatically increases susceptibility to BTB infection [1,3].
In the absence of a wildlife reservoir, most developed countries
have effectively used test-and-cull schemes to reduce BTB
prevalence in cattle to extremely low levels. This system is seldom
utilised, or effective, in developing countries with a wildlife
reservoir that maintains BTB within the environment [4]. In
South Africa, the African buffalo (Syncerus caffer), acts as a
maintenance host/reservoir for M. bovis, and thus maintains and
transmits the disease within the buffalo populations and to other
species [1,5]. It is a species of enormous economic and ecological
importance, due to its occurrence in large numbers in the
savannah ecosystem, commercial game farming, tourism, and for
hunting purposes [1]. This poses a significant obstacle to the
management and control of BTB. Different BTB management
strategies with regards to buffalo are implemented in the different
game parks and private reserves within South Africa, and new
methods of detection and control are constantly under investiga-
tion.
Studies in humans have reported multiple genetic factors and
polymorphisms in a number of different genes to be associated
with tuberculosis susceptibility [6]. In animal studies, the
heritability of BTB resistance has been shown to be 0.4860.09
in red deer [7], 0.1860.04 in British dairy cattle [8] and
0.1860.04 in Irish cattle [9], suggesting a genetic component in
BTB susceptibility in these animals, which may be more
pronounced in wildlife. A recent study by Sun et al. [10]
investigated the role of host genetic factors in susceptibility to
BTB in Chinese Holstein cattle, and found the G1596A
polymorphism in the toll-like receptor 1 (TLR1) gene to be
associated with BTB infection status. Finlay et al. (2012)
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performed a genome-wide association scan in Irish cattle and
identified a genomic region on BTA 22 associated with BTB
susceptibility [11]. The identification of host genetic factors
involved in BTB susceptibility in African buffalo may allow for
marker-assisted selection for breeding programs, as a possible
long-term disease management alternative, particularly in areas
currently free of BTB or with low prevalence levels.
Mycobacterium bovis is primarily transmitted between animals by
inhalation, and to a lesser degree, ingestion [3,12]. After
inhalation, bacilli adhere to the alveolar surface of the lung and
are phagocytosed by macrophages. Macrophages then process the
mycobacterial antigens and present them to T-lymphocytes, which
are considered essential recognition components of the immune
response. Typical tuberculous lesions in buffalo occur most often
in the lungs and lymph nodes, but can also be found in other,
more distal sites [5]. Resistance to infection and disease could be
mediated by either the innate or adaptive immune systems and
therefore the genes related to either of these processes may be
candidate genes for BTB susceptibility loci.
In this study, candidate polymorphisms in genes involved in the
immune response were selected from the SNPs that we recently
identified and validated in the African buffalo [13]. These SNPs
were tested for genetic associations with BTB infection status in
African buffalo, using a case-control approach.
Materials and Methods
Ethics
The Stellenbosch University Animal Care and Use Committee
(SU ACU) deemed it unnecessary to obtain ethical clearance for
this study as the blood samples used for DNA extraction were
collected under the directive of SANParks and Ezemvelo KZN
Wildlife for other purposes, and their use in the present study is
incidental.
Study Population
The DNA used in the association study was derived from 868
African buffalo (198 cases, 670 controls) of the Cape buffalo
subspecies, consisting of two independent populations. The
population subgroups consisted of 434 buffalo from the Kruger
National Park (KNP), and 434 buffalo from Hluhluwe iMfolozi
Park (HiP) (Figure 1). Both KNP and HiP have known histories of
BTB in both buffalo and other wildlife species, and given the social
herd structure of this species, both cases and controls were
considered equally exposed. Blood samples were taken from the
buffalo subpopulations during routine BTB testing operations, by
qualified SANParks or Ezemvelo KZN Wildlife veterinary staff. In
the KNP samples, cases and controls were defined by the positive
or negative outcome of the BovigamH ELISA assay. HiP samples
were defined as cases or controls based on the results of the
standard single comparative intradermal tuberculin (SCIT) test,
administered following capture, with a test result considered
positive when the difference in skin fold swelling between the avian
and bovine inflammatory responses was greater than or equal to
2 mm. Recent publications have suggested that that a cut-off of
.2 mm for positive test interpretation in cattle is most appropriate
in sub-Saharan Africa [14,15].Overall BTB prevalence in our
samples in the KNP and HiP subpopulations was 22% and 23.5%
respectively (own unpublished data).
Preparation of Genomic DNA
The Kruger National Park DNA samples were extracted from
blood, using a salt-chloroform extraction method [16]. KNP
Samples which contained insufficient concentrations of DNA for
the purposes of this study were subjected to whole genome
amplification (WGA) using the Illustra Genomiphi DNA Ampli-
fication Kit (GE Healthcare Life Sciences, Piscataway, USA),
which employs a strand displacement amplification technique,
according to the manufacturer’s instructions. DNA was extracted
from the HiP EDTA blood samples using the Qiagen DNeasy
Blood and Tissue Kit (Qiagen GroupH), according to the
manufacturer’s instructions.
SNP Selection and Genotyping
SNP selection was made from previously validated SNPs [13],
with priority given to those with higher frequencies in the
validation panel. These SNPs all had potentially functional
consequences, due to their positions in the 39UTR, 59UTR and
coding regions, in genes related to the immune system. In total, 69
SNPs were fluorescently genotyped in the full buffalo population
by LGC Genomics KBioscience [17] (London, United Kingdom),
using their competitive allele-specific KASPH SNP genotyping
platform. The KASPH assay system relies on the discrimination
power of a FRET-based homogenous form of competitive allele-
specific PCR to determine the alleles at a specific locus within
genomic DNA [17]. A block randomisation technique was
employed to evenly distribute the samples across the 10 plates
used for the genotyping in order to minimise batch effects.
Variables considered included BTB infection status, location and
sex. Positive controls were included on all plates to ensure
consistent results. The selected SNPs and their assay IDs can be
seen in Table S1.
Statistical Analysis
Genetic differentiation between the KNP and HiP subpopulations
was tested using FST values in Genepop v4.0.10 [18,19]. Further
statistical analyses were performed in Plink v1.07 (http://pngu.mgh.
harvard.edu/purcell/plink/) [20]. SNPs in this study were not
removed if they were out of Hardy-Weinberg Equilibrium (HWE), as
due to the social structure of a buffalo herd, non-random mating is
observed and thus the expectations of HWE do not hold for this data.
African buffalo display a male dominance hierarchy, with a select
number of dominant bulls mating with the sexually mature females,
who are often related. This suggests a degree of relatedness within a
herd [21]. The populations were analysed together in order to
minimise the effect of any possible relatedness present in the
individual herds. Quality control consisted of removing individuals
with more than 10% missing data (genotyping failure) and SNPs that
had a call rate of less than 90%. Pairwise linkage disequilibrium
measureswerecalculatedforallSNPpairsusingcorrelationsbasedon
genotype allele counts, including those on different chromosomes.
Allele frequencies, odds ratios (OR) and 95% confidence intervals
were determined and the associated p-values were calculated using
Fisher’s Exact test. A p-value,0.05 was regarded as significant. The
Cochran-Mantel-Haenszel (CMH)testwasused toobtainanaverage
odds ratio and associated p-value for each SNP, adjusting for the two
subpopulations. Genotypic associations with BTB infection were
tested using the Cochran-Armitage trend test for the additive allele
effect. The Cochran-Armitage trend test was considered the most
applicable genotypic test for this study, as it does not assume HWE.
Logistic regression analysis was also used to calculate odds ratios and
95%confidence intervals, assuminganadditiveeffectofalleledosage.
We controlled for subpopulation and sex by including those
covariates in the logistic regression model. Permutation testing was
performed using the max(T) permutation method with 5000
permutations, to obtain an empirical p-value for each SNP. SNPs
foundtobesignificantlyassociatedwithBTBstatus in thebuffaloafter
correcting for the population structure were investigated further.
Genetic Susceptibility to BTB in African Buffalo
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Non-synonymous SNPs were submitted to the Ensembl Variant
Effect Predictor [22] in order to establish the type and position of the
amino acid changes caused.
Results
The SNPs in this study comprised 69 loci across 64 genes,
previously selected for possible functional consequence and gene
location. The FST value for the genetic differentiation between the
two subpopulations was 0.1345. Quality control removed 24
individuals due to missing data. No SNPs were excluded due to
call rate. Because of the non-random mating structure within the
buffalo herds, HWE was not tested. Two loci, SNP105 and
SNP160, were identified as being in linkage disequilibrium with
other SNPs (r2.0.5) and were excluded. Fisher’s Exact test for
allelic association identified four SNPs with significantly different
frequencies between cases and controls (p,0.05): SNP30, SNP41,
SNP137 and SNP144. After adjusting for differences due to the
subpopulations using the CMH test, three of the four previously
identified SNPs remained significantly associated. Following
correction for false positives using the max(T) permutation
method, SNP137 was identified as significantly associated with
BTB status. Associated SNPs in the allelic association and CMH
tests, and the accompanying odds ratios and p values, can be seen
in Table 1. SNP30 and SNP144 are located in the 39UTRs of the
complement component C7 gene and the interleukin 1-alpha
(IL1a) gene, respectively. SNP41 and SNP137 are located in the
coding regions of the solute carrier family 7 (anionic amino acid
transporter), member 13 (SLC7A13) gene and Deleted in
Malignant Brain Tumour (DMBT1) genes, respectively. All SNPs,
allele frequencies, odds ratios and p values for the CMH test can
be seen in Table S2.
The Cochran-Armitage trend test for genotypic association
identified the same four SNPs (SNP30, SNP41, SNP137 and
SNP144) as significant. No significant associations remained after
correction using max(T) permutation.
Logistic regression analysis incorporating both sex and subpop-
ulation as covariates identified SNP41, SNP137 and SNP144 as
significantly associated with BTB status. Logistic regression
analysis incorporating only subpopulation as a covariate produced
the same result, and sex was not identified as a significant factor in
this study (data not shown). After correction using max(T)
permutation, SNP137 remained significantly associated. We note
that the SNP137 was also significantly associated in the allelic,
genotypic and logistic regression tests in both the HiP and KNP
populations when analysed separately (data not shown). The
significant logistic regression model results, odds ratios and p-
values can be seen in Table 2, and the logistic regression results for
all SNPs in Table S3.
The amino acid changes caused by SNP41 and SNP137, as well
as their positions in their respective proteins, were identified by the
Ensemble Variant Effect Predictor (Table 3). Although both the
DMBT1 and SLC7A13 proteins are uncharacterised in the cow,
SNP137 was predicted to occur in a CUB domain within the
DMBT1 protein. CUB domains are evolutionarily conserved
protein domains found commonly in extracellular and plasma-
membrane associated proteins [23].
Discussion
To our knowledge, this is the first report of genetic susceptibility
to bovine TB in the African buffalo. In other bovids, specifically
the domestic cow, very few loci have been identified, apart from
microsatellite loci [24], TLR1 [10] and a genomic region on BTA
22 [11]. In this study, we investigated 69 SNPs located in genes
Figure 1. Location of the African buffalo populations in South Africa used in this study.
doi:10.1371/journal.pone.0064494.g001
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relating to the immune system for association with BTB infection
status in African buffalo, using a large sample set of 868 buffalo
samples from two independent populations, the Kruger National
Park and Hluhluwe iMfolozi Park. Prior to correction for the
population subgroups, four SNPs were identified as associated with
BTB status – SNP30, SNP41, SNP137 and SNP144. The FST
value of 0.13 suggests that there is a degree of differentiation
between the buffalo populations, which necessitates controlling for.
After correction for population subgroups using the Cochran-
Mantel-Haenszel test and logistic regression analysis, three SNPs
remained significantly associated: SNP41, SNP137 and SNP144.
SNP41 occurs in the SLC7A13 gene, and is predicted to cause a
non-synonymous amino acid substitution at position 444 in this
protein, from isoleucine to valine. The SLC7A13 gene forms part
of the family of heteromeric amino acid transporters (HATs).
HATs are comprised of a heavy and a light chain/subunit, and the
SLC7A13 gene encodes one of the light subunits [25,26]. The light
subunits are highly hydrophobic and are suggested to have a 12
transmembrane-domain topology [25]. While SLC7A13 is rela-
tively uncharacterised, other transporters, such as SLC11A1
(NRAMP1), have been associated with TB infection in humans
[27,28].
SNP137 is located in the coding region of the Deleted in
Malignant Brain Tumour-1 (DMBT1) gene. This SNP is predicted
to cause a substitution at position 1117 of the protein, from
histidine to arginine. The DMBT1 gene produces a number of
different protein isoforms, all of which belong to the scavenger
receptor cysteine-rich (SRCR) superfamily of proteins. SRCR
proteins are highly conserved throughout the metazoa, and
contain two CUB domains and one zona pellucida domain [29].
The glycoprotein isoforms have been shown to have a range of
functions that include the binding of both gram-positive and gram-
negative bacteria, binding to viral proteins, and binding to host
surfactant proteins A and D, among others, which are collectins
that play an important role in the innate immune response
[30,31]. Both DMBT1 and the mouse homolog of this protein
(CRP-ductin) are regarded as pattern recognition receptors
(PRRs), which are a well-established part of the human host
defence system against invading organisms such as M. tuberculosis.
PRRs recognize conserved structures in bacterial cell walls, yeast
cell walls, and bacterial DNA that are vital to the survival of the
invading organism [29,32]. Many members of the SRCR
superfamily have been shown to be located on immune cells such
as B-lymphocytes, T-lymphocytes and macrophages, and the role
of the DMBT1 proteins in the innate immune response has been
well established [30]. While evidence is lacking for the bovine
protein, the conserved nature of these proteins suggests a similar
function in the domestic cow.
SNP144 is found in the 39 untranslated region (UTR) of the
Interleukin 1 alpha (IL1a) gene. The IL1a protein belongs to the
IL1 family of pro-inflammatory cytokines, and plays a role in the
activation of T-lymphocytes, the recruitment of leucocytes to sites
of inflammation, and mediating local and systemic inflammation,
and is expressed predominantly by macrophages and neutrophils
[33,34]. A study by Bellamy et al. [35] found a significant
association between the IL1 gene cluster and M. tuberculosis in
humans, although this was lost for IL1a after Bonferroni
correction.
While the results of this study are promising, there were some
limitations, most notably the difficulties of working with a non-
model organism without an assembled genome or well-established
population data. Because our buffalo herd data falls somewhere
between that of population data and family data, and the degree of
relatedness among the cases and controls prevented the investi-
gation of SNPxSNP interactions. The second limitation faced was
the different diagnostic methods used for the two population
groups. The BovigamH ELISA assay was used to diagnose BTB
infection in the Kruger National Park buffalo, and the SCIT test
was used in Hluhluwe iMfolozi Park, but since both of these tests
are based on a cell-mediated immune response and therefore
expected to detect animals at a similar stage of infection [36,37],
this was not considered problematic in this study.
In conclusion, our study has identified three genetic polymor-
phisms, in the SLC7A13, IL1a and DMBT1 genes, that are
associated with bovine TB infection status in the African buffalo.
The association of the three polymorphisms listed above were
robust to correction for buffalo population, and one remained
significant after permutation testing. The large number of
individuals used in this study, the randomisation procedure and
statistical controls employed, and the plausibility of the genes
identified suggest that these polymorphisms are located in
excellent candidate genes for further exploration into genetic
susceptibility to BTB in both the buffalo and other bovids, such as
the domestic cow. These genes may also have potential for
marker-assisted breeding programmes, with the aim of breeding
Table 1. Allele frequencies, odds ratios and p-values of four significant SNPs.
SNP Allele Fcase Fcont OR (95% CI) P CMH OR (95% CI) CMH P Pemp
SNP30 G 0.2251 0.2764 0.7606 (0.581–0.995) 0.048 0.7651 (0.584–1.002) 0.05136 0.9732
SNP41 C 0.3474 0.2851 1.335 (1.047–1.702) 0.0218 1.377 (1.075–1.764) 0.01157 0.5591
SNP137 G 0.4229 0.3323 1.472 (1.163–1.863) 0.0014 1.608 (1.243–2.079) 0.00028 0.0238
SNP144 T 0.3534 0.2941 1.312 (1.03–1.67) 0.0318 1.421 (1.095–1.843) 0.00793 0.4313
Pemp: Empirical p-value obtained by max(T) permutation.
doi:10.1371/journal.pone.0064494.t001
Table 2. Logistic regression model with significant SNPs,
odds ratios and p-values.
SNP Allele Test OR (95% CI) P Pperm
SNP41 C ADD 1.349 (1.06–1.715) 0.01474* 0.6265
SNP41 C COV1a 1.222 (0.8746–1.708) 0.2397
SNP137 G ADD 1.574 (1.221–2.029) 0.000461* 0.02599*
SNP137 G COV1 1.47 (1–2.16) 0.04982*
SNP144 T ADD 1.435 (1.101–1.87) 0.007569* 0.3893
SNP144 T COV1 1.396 (0.9605–2.029) 0.08032
aCOV1 refers to the population subgroup.
*denotes statistical significance, p,0.05.
doi:10.1371/journal.pone.0064494.t002
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more BTB resistant animals and herds within both the national
parks and the private sector.
Supporting Information
Table S1 SNP identifiers, Assay IDs, UMD3 positions,
Ensembl gene ID and names, consequences.
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Table S3 Logistic regression odds ratios and p-values
for all SNPs.
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